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Medical equipment manufacturing companies that provide maintenance and product take-back programs 
have limited information about location and severity of defects, and the condition of the product before 
making decisions about whether to repair, recycle, remanufacture, refurbish or call-back and scrap the 
product. The first step is to estimate the residual value of the product. The current methods depends on 
the owner-claimed condition of the product and the number of accessories. However, the claimed 
condition is highly subjective and of high degree of variability, even of the same claimed condition and 
number of accessories. Such high variability in real value is considered to be caused by different working 
environments and customer user behavior. This thesis proposes a sensor based model to more accurately 
predict residual value and the actual condition of the product based on measuring the environment and 
working condition of the product real-time. The model provides suggestions for each individual product 
based on its quality level and component reliability level. A patient monitor was used as an example. The 
simulated result showed that the proposed method could significantly reduce the loss from variance in 
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Chapter 1.  Introduction 
 
Medical equipment manufacturers transit towards a circular economy [1]. A circular economy aims to 
decouple economic growth from the use of natural resources and ecosystems by using those resources 
more effectively. Manufacturers seek to refurbish or harvest the used products, aiming for innovations in 
the area of material-, component- and product reuse in order to reduce environmental impact, recover 
residual value in the used products, comply with government regulation, and the global trends to have a 
sustainable future. However, challenges exist in every stage of product recovery, refurbishing and resale 
due to the high variability in customer behavior and the quality of returned products. First, current reverse 
logistic network for End-of-Life product recovery is not fully developed. Major medical equipment 
manufacturers depend on the customers to contact them to take back the End-of-life products [2]. The 
lack of information about both the take-back program and the residual value of the equipment on the 
customer side limits the resource availability to the manufacturer. Second, more information is required 
for the pricing those returned products, both for buying it back from the customer and reselling the 
refurbished ones. Manufacturers have to set up sales representative team to contact customers, engineer 
team to inspect, sort, and disassemble products before refurbishing them to meet the strict specifications 
required by FDA regulations. Due to the nature of medical equipment, manufacturers may be discouraged 
to provide certifications to refurbished equipment due to the high variability of the quality of the products. 
Lack of information about the quality of the products and the customer behavior are the reasons the 
medical equipment take-back process is inefficient. 
 
Despites all the difficulties, companies take sustainable manufacturing into account and their End-of-life 
product recovery is proven profitable [3]. The take-back and remanufacturing can be complex. However, 




circular economy, providing better products and enable greater profitability for product recovery and 
resale [4]. For example, in airplane industry, the owner is required to keep paper records of the 
maintenance of the aircraft, which is required to go through thorough inspection by certified mechanics 
in frequent and fixed interval. The pilot is required to keep its flight on logbooks [5]. Detailed information 
about the aircraft: the route and weather condition it operated, each inspection and maintenance 
recorded, and every piece of equipment that got replaced or changed, is available to the future buyer. 
Furthermore, the long history of plane resale helped to build dataset that made it easy to apply “big data” 
for residual value estimation. There are aircrafts dated back 1956 still in the market [6], proving with 
detailed information helping residual value estimation and proper maintenance and refurbishing, product 
recovery and resale can be highly profitable. 
 
Nowadays, with the help of modern technology, medical equipment manufacturers could manipulate 
detailed information about the quality of products in an easy way. The Original Equipment Manufacturer 
(OEM) could include design that anticipates product take-back [7], for example, installing product 
embedded information device (PEID) that could gather product lifecycle data during all product lifecycle 
phases [8]. Then manufacturers could combine information about the product and those service data 
obtained from the user to: 1, pinpoint product problem to provide better after-sell service; 2, better 
estimate the timing and the residual value of the product before taking it back; 3, provide the refurbishing 
facility with information about the components that need attention; 4, establish product disassembly 
sequence; 5, improve the product quality testing process; 6 spark innovation ideas. With the help of 






With information obtained by sensors, better decisions could be made about medical equipment 
maintenance and recycle. The maintenance and the remanufacturing process typically begins with the 
crucial step of estimating the condition and residual value of end-of-life products when they are brought 
to the manufacturer. For medical equipment maintenance, it is common companies send a team of 
maintenance engineers to the site where the product is reported “need attention” or for a routine check. 
The team may need to dissemble the product following the repair manual to find where the problem is. 
After the inspection, it may take longer if they have to order parts from the manufacturers and schedule 
another maintenance service to fix it. Customer suffers equipment downtime and the company have to 
make extra investment for a huge service team. With detailed information ahead of the departure of the 
team, they may be better prepared with proper parts and knows where to find the problem. Increase in 
the efficiency and quality of customer service will increase customer satisfaction and save company for 
another service trip, which reduced cost. For medical equipment remanufacturing, residual value 
estimation primarily based on their age or effective age [9], model, and a cursory physical inspection of 
the product [10]. The variability in terms of quality of the returned products made remanufacturing less 
cost-effective. The causes of this variability are that customers return them for remanufacturing at 
different ages, ranging from a few months to many years, and that individual customers subject their 
products to a wide range of conditions [11]. 
 
The potential market for accurate information about medical equipment condition is huge. Medical 
equipment maintenance market worth 24.83 billion USD by 2022 while OEM dominated the market [12]. 
Medical device manufacturing industry is a fast growing industry with a market size of $75 billion in 2002 
[13] to 166.6 billion nowadays [14]. Medical device rental industry reached $4.5 billion in 2016. [15] 
However, the labor cost in both industries are high. For faster and better communications between 




high labor cost for quick response service team. Due to regulations imposed by many nations against 
importing E-waste and medical waste, medical equipment refurbishing is commonly done by OEM or 
certified refurbish facility located in high labor cost area. Therefore, it created the need to reduce the 
labor involved. Sensors could help reduce the labor required in product inspection and pricing. 
 
a. Definition: 
a. Recovery: Product recovery is a superior concept involving concepts like reuse, resale and 
recycling. The aim is to retrieve a product’s residual value when the product no longer 
fulfills the customer’s needs. [16] 
b. Reverse logistics: Reverse logistics is defined as “The process of planning, implementing, 
and controlling the efficient, cost effective flow of raw materials, in-process inventory, 
finished goods and related information from the point of consumption to the point of 
origin for the purpose of recapturing value or proper disposal.” [17] 
c. Refurbishment: Refurbishment is the process in which a product or component is cleaned 
and repaired in order to meet desired specifications so that it could be put into market 
again [18]. 
d. Remanufacturing: Remanufacturing is a superior industrial process in which used 
products are restored to like-new condition. “Through a series of industrial processes in 
a factory environment, which often include discarded products being completely 
disassembled. Usable parts are cleaned, refurbished, and put into inventory. Then the 
new product is reassembled from both old and, where necessary, new parts to produce a 
unit fully equivalent -and sometimes superior – in performance and expected lifetime to 
the original new product” [19] During this process the product is disassembled, defective 




a “new” product to ensure it meets newly manufactured product standards and 
specifications. By doing so, the product may be returned to service with a reasonably high 
degree of confidence that it will endure (at least) another full lifecycle. In contrast, a 
repaired or rebuilt product normally retains its identity, and only those parts that have 
failed or are badly worn are replaced or serviced [20]. 
e. Recycling: Recycling is the process by which the materials otherwise destined for disposal 
are collected, separated, processed, and remanufactured into new products. [21].  
f. Maintenance: Maintenance is the process that involves performing routine actions which 
keep the equipment in functional order  and prevent trouble [22] 
g. Reuse: Reuse is the process of “disassembling products to recover useable parts and 
assemblies for the purpose of utilizing them in newly manufactured products” [23] 
 
b. Motivations:  
In summary, a new method is desired for gathering information from each products, increasing 
the knowledge of the current state of the products, enhancing communication between the 
company and the customer, making more precise maintenance and remanufacturing decisions 
about each product. The thesis proposed a method to the manufacturer that could provide a more 
detailed picture of the product and a better estimate of the residual value of each device. The 
possible benefits brought by the proposed method are: 
a. Reduce the inspection cost for both maintenance and refurbishing 
b. Help both parties (OEM and the customer) to make informed decision about when to 
buy/sell a second-hand product.  




d. Reduce “fake” products in both rental market and refurbished product market. It helps to 
increase refurbished product market reliability and customer satisfaction. 
e. Provide greater insight into consumer usage behavior that can be used for designing and 
marketing future products for narrower market segments 
f. Provide insights for equipment rental market 
g. Provide ideas for future equipment design 
The example of bedside patient monitor was selected for the reason that it is one of the most 
popular traded medical equipment. It is of high value; manufacturers routinely updates the design 
of the product; the design is complicated and prevent the buy make accurate estimate of the 
residual value. Other products could be considered are breast cancer scanner, laser hair remover 
and even wheelchair.  
 
c. Drivers for manufacturers 
Following drivers are listed that might inspire the medical equipment manufacturer to start 
remanufacturing and recycling their old products: 
a. The global trend for sustainability 
Manufacturing companies noticed the impact of waste medical equipment and devices 
on environment. However, some of them leave the End-of-life products in the hand of 
their customers without giving any supports for recycling. Health care facilities -the 
largest customer segment of medical equipment company often throw away medical 
supplies that are in perfect, usable [24]. Currently no organization currently tracks how 
much medical device was disposed in the United States— the last known estimate, from 
the early 1990s, was two million tons a year, together with one-time use supplies. [25]. 




the soil. Therefore, it is important to reduce the source of such pollution. Manufacturers 
in other industries, automobile and smart phones, for example, commit to sustainability 
and it works out well, setting good examples for medical equipment companies to follow. 
b. Brand image protection:  






Chapter 2.  Background 
 
Medical equipment market is fast growing market a market size of $75 billion in 2002 [26] to 166.6 billion 
[27] in Americas region. Crucial parts of the medical device firms are product development, patenting and 
maintenance. There are over 9,000 medical device patents issued by 2003 [28]. Manufacturers develop 
and commercialize kinds of products, for example, diagnostic equipment like breast cancer scan machines, 
therapeutic devices such as pacemakers and surgical instruments like endoscopes. Those products are 
usually marketed and sold directly to health care professionals and to supply companies. It is also common 
that a company grows out of the hand of professionals who are advance in academic research and 
innovate new devices.  
 
Medical equipment maintenance industry and device recycle industry are fast growing industries as well. 
It is common that companies provide 5 to 10 years of warranty, which created huge demand of medical 
equipment maintenance. Maintenance omission caused a number of patient incidents and distrust 
between customers and equipment suppliers. [29] Due to the nature of medical device, maintenance 
service is critical to achieve customer satisfaction [30] and competitive advantages [31]. Maintenance 
history could contribute insights to new product development [32]. Unlike other industries, medical 
devices company usually choose not to view customer service as a source of major revenue. Therefore, 
the company need to provide quality after-sale service while keeping the cost low. The art of balance can 
be difficult due to frequent maintenance check by professionals can be costly.  It is beneficial for the 
company to pinpoint the defects rather than sending a team to search through the whole machine. If 
possible, it is desirable to use big data to predict when the device need attention and send customer 
service team to take care of it before it gives warning. That’s where sensor-based equipment residual 





It is popular for the medical device manufacturers to take back their own products. It helps to establish a 
good company image by ensuring the quality of their products in the market. It is often that those products 
would be sent to refurbishing center and enter the market again. However, usually only the age, brand 
and utility are concerned during collecting and reselling. It would benefit both the customer and the 
company by determine the exact state of the product before taking it back. The possible concern over 
implantation of sensors in medical devices majorly focuses on privacy. Sensors in implantable medical 
devices is already creating concerns [33]. It is important to get the doctors involved to build up trust 






Chapter 3.  Methodology 
 
This chapter describes a derived method from Devnani’s electronic equipment residual value estimation 
model [34] for remanufacturing and maintenance service with sensor data collected and analyzed from 
customer use. The current methods for medical equipment take-back and reselling can be costly and slow 
for the both party. To further illustrate this problem, we looked into two healthcare equipment provider 
companies websites: GE HealthCare and Siemens Healthineers, and two third-party medical equipment 
resales websites: Dremed and Dotmed. The following information was obtained on 16th July, 2017. [35]  
 





Figure 2 Example of current manufacturer take-back method – Siemens Healthineers 
 





Figure 4 Example of current third-party sales website – Dotmed  
 
Figure 5 Example of current third-party sales website – Dotmed 
From the above four websites, we observed a heavy dependency on costly medical equipment sales 
representatives and customer services. The only self-managed auction option (Figure 3.4) offered by 




and conditions (new, refurbished) of the medical equipment with pictures, very similar to Ebay and 
Craigslist. Siemens asked owners to contact their sales representatives; GE asked for specifications to be 
filled in forms and pictures of the products; third party websites like labx and medwow rely heavily on the 
self-claimed condition and integrity of the equipment which will be confirmed by their customer service; 
Ebay and dotmed allows owners to self-claimed condition of the product without the support of customer 
service team. After contacting the OEMs, the product will be evaluated and the customers can proceed 
to arrange to receive payment and ship their used equipment to the company recycle center. These OEMs 
reply on the effectiveness of the communication between the owner and their customer service team. 
However, there is no way for the company to know the exact condition of the equipment before its arrival 
at warehouse due to customer service person to cannot inspect the equipment before it was shipped to 
the company. Therefore, the pricing of the used equipment replies on the principle of Averaging Returns, 
by which some of the equipment with lower value than what the company has paid the owner while some 
can be more than the paid amount. The company maintain its profit margin by averaging out the payment 
and expected residual value of the equipment. 
 
For the third party websites, the outcome price primarily rely on an averaged estimation of the reliability 
of the products and the effect of demand and supply, which does not represent the real value of the 
products. For the third-party websites, dremed and dotmed both offered options for the customer to sell 
their equipment by contacting customer services. One of the reason why the medical equipment sales 
representatives are involved is that many medical devices requiring government authorization by FDA to 
distribute to a third party [36]. However, sales representatives are non-value adding to the sales process 
[37], which means those money invested in hiring a sales representative did not improve the quality of 
the products and its services. Therefore, it is beneficial for both party to reduce the involvement of sales 





Figure 6. Proposed NFC Based Method for Medical Equipment Valuation and Decision Making 
 
The proposed methodology is shown in Figure 6. This method is for increased estimation accuracy of the 
condition and value of each individual products using sensor data obtained from sensors embedded inside 
the device. The collected data will be ranked, clustered, filtered and written into data log on a micro-
memory chip in the product. The memory chip would record important information during daily usage 
and regularly updates. A NFC chip is located to a place out of daily interaction; a physical button would be 
installed right next to it. The equipment user could easily access the activity log of the product by pressing 
the button to activate data transmission and holding a NFC enabled phone right next to receive it. Before 
complete the data transfer, the user would be required to download the OEM’s app and login with 




The data information would be encrypted and only the people providing proper ID information would be 
allow them to be displayed on their phone. 
 
After viewing the data, with FDA policy and regulations in mind, the registered customer could view the 
status of the equipment, suggested actions that would be calculated based on the condition of the 
equipment and make informed decisions about whether to call manufacturer maintenance team for 
inspection or it is the time to buy a new one(Decision.4). Combined with the fact that many doctors and 
medical equipment users are actually innovators in the fields of medical equipment design and 
manufacturing, it is hoped that the detailed usage information of the equipment could inspire innovation 
ideas. The registered customer also have the right to decide whether to share the data information with 
the OEM or a third-party website like Ebay to see the estimated price they could offer for buying the 
equipment back. After the customer clicks “agree to share”, the data could be uploaded to the company 
database or shared to a third-party. The company, based on warranty agreement and current safety 
specifications, would make decisions about whether to send customer service team for inspection or 
repair the equipment in bad conditions (Decision.1). OEMs would also provide a take-back price to the 
customer with their statistical models based on past second-hand equipment remanufacturing and resale 
database, encouraging customers to recycle the product (Decision. 2). Third party websites could provide 
a valuation of the residual value of the product based on pre-determined, product level statistical model, 
would lead to product purchase (Decision. 3). 
 
The proposed methodology would be beneficial to all the parties involved. With detailed sensor data, 
profiles of how customer use the product could be created and help the OEM develop better next 
generation products. By receiving more accurate condition estimation of the equipment, the efficiency 




prepared before entering the site and faster to pin point the problem. The sensor data helps to establish 
big database for companies and websites to better estimate the residual value of the equipment. The 
refurbishing center therefore could sort the products before start the remanufacturing process. Sensors 
made it easier for quality assurance department as well. With more information about the current value 
of the product, the customer could make informed decision about when to sell the product and purchase 
a new one. The equipment downtime would be reduced since the customer would be aware of the 
equipment in bad condition by viewing the sensor data and call maintenance team before the equipment 
break. By informing the customer the residual value of the equipment, their awareness and willingness 
for recycle would increase. Therefore, by installing sensors, medical equipment industry takes a step 
further in the field of sustainable manufacturing.  
 
In general, the following are the proposed sensors, proposed valuation method, statistical model and 
possible decisions made by the customer, companies and websites with enhanced equipment residual 
value estimation.  
a. Possible Sensor measurement: 
a.  Accelerometer 
b.  Gyroscope 
c. Magnetometer 
d. Proximity sensor 
e. Light sensor 
f. Barometer 
g. Thermometer 
h. Humidity sensor 




a. For binary parameters, the product residual value will decrease to scarp value when they 
are 0. For example, condensation in the equipment. Once noticed, maintenance should 
be immediately called by the customer or sent by the company. 
b. Linear relationship is assumed between different parameters. The weight assigned could 
vary based on the nature of the product. However, age or effective age should always 
have largest weight in the calculation. 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 = ∏ 𝑏𝑖 ∑ 𝑥𝑖 𝑤𝑖 
In the equation, the product residual value equals to the product over the set of binary 
items, for example, the residual value of the product is zero if the equipment is either 
burnt, soaked in water or fall from height, which made the corresponding binary 
parameter zero. If none of those binary indicator is zero, the residual value is determined 
by the sum of the set of weighted parameters: for example, assumed a wheelchair is 
designed to suffer 10,000 times of shock and has a designed service time of 100 years. 
Historical data on the wheelchair refurbishing and resale showed that these two are the 
only factors affecting the quality and popularity of the equipment, the weighted ratio 
between these two factors are 2:8. If there is a wheelchair being used for 30 years suffer 
400 physical shocks. Its value is 
2×(10,000−400)+ 8× (100−30)
2×10,000+8×100
= 95% of its original value. 
Assign weights of each measured variables based on past similar equipment refurbishment and resale 
history 
c. Decision making 
a. Customer:  
When the detailed information about the equipment operating condition was displayed, 
the customer make decision about whether to share the information with the 




After viewing the displayed data, the customer would be informed about the condition 
and current value of the equipment. They could decide if is it is the time to sell the 
equipment or contact maintenance team to fix it. 
b. Company:  
After obtained shared data by the customer, the company could decide the price of the 
equipment to be recovered. They could decide if it is time to send out maintenance team 
based on the warranty agreement and safety consideration. They could make decisions 
about future designs, refurbishing and warranties. 
c. Third-party websites:  
After obtained shared data by the customer, they could establish sales profiles of 








Chapter 4.  Application to Bedside Patient Monitors 
 
Bedside patient monitors are widely used in hospitals, clinics and homes, which made them popular items 
on second-hand medical equipment market. Their design is relatively simple and the valuation method 
can be extended to more complicated diagnostic devices. It is beneficial for the customer, the company 
and third party website to know the detailed information about the condition of the monitor: it helps the 
company to make maintenance decision and their sales representative may inform the customer that 
their pricing for product take back; it helps the customer to make an informed decision about whether to 
call maintenance team from the OEM or make a comparison between prices offered by different websites 
and the company and decide whether to sell the item;  it helps the website to make a more informed 
decision on pricing second-hand equipment; it helps the refurbishing center with more information about 
the specific components need refurbish or replace.  
a. Sensors, data log, data filtering 
The following are the proposed information need to be detected by sensors.  
a. Age 
b. Calibrated times 
c. Electronic usage cycle  
d. Temperature  
e. Acceleration- Accelerometer  
f. Humidity 
g. Condensation 
This thesis is aiming to illustrate a method to estimate the exact condition and value of each particular 
medical equipment. Here we have patient monitor as example. The following 5 sensors were selected 




Besides the sensor information, the integrity of the product is assumed to have effect on EOL residual 
value estimation. For example, a monitor with a stand, charging cord and documents would be priced 
higher than one without them. The integrity of the product includes the availability of original accessories, 
functional modules and purchase documents. Those factors could be visually checked by customers or 
sales representatives.  
 Accelerometer: 
The proposed method assumes physical shock reduces the residual value of the products. [39] 
Products’ aesthetic value as well as its component reliability would be reduced if mishandled by 
customers. In the nature of the high precision requirement for medical equipment, both constant 
shaking the equipment and sudden physical shock to the equipment are damaging the product, 
which leads to higher maintenance cost, refurbishing cost and reduced resale value. The 
accelerometer could be used to detect physical impacts generated by free fall, smashing into walls 
when rolling on monitor stands or constant shaking over long period (e.g. transportation without 
proper protection.). The information in conjunction with data obtained from other sensors 
indicate reduction in quality and therefore the residual value of the product. The information may 
also help the process of refurbishing by help the repair team pin point the source of defect faster, 
for example, long period shaking could cause joints become loose. 
There are various demonstrated methods to detect physical impacts. In cells phones a 
combination of accelerometer and gyroscope were proposed, which detect linear acceleration 
and angular velocity respectively. [40] One reason those two sensors were proposed is that they 
had already been installed in most of smart phones. Therefore, data could be harvested with 
current existing sensors. However, most of patient monitors does not include either sensors. 
Therefore, to minimize the cost of redesign, a tri-axial accelerometer was proposed [41] by setting 




by referring to large history database or product quality assurance database to eliminate false-
alarms.  
There are two kinds of variables contributing to EOL valuation could be determined: A binary 
factor measures physical shock beyond limit, for example, a monitor that dropped from third floor 
would beyond repair; and a variable that represents the physical shocks within working limits but 
significant towards product quality reduction, for example: repetitive shakes in transportation 
and low height drops.  
 Electronic usage hour 
Some of the patient monitors use batteries, but most of them use charging cable and a 
replaceable battery for short-time or portable use. Charging hour is a direct indicator of the 
number of hours the device has been used. For those Batteries have their own designed number 
of charge cycles. Batteries and electronic equipment has a high degree of variability depending 
the user behavior: charging cycles, overcharging, running within or without frequency, voltage or 
amperage limits and the total number of cycles of plugging and unplugging. The manufacturers 
should have database about expected Mean Time to Failure (MTTF) for their specific equipment 
components during quality assurance testing, which could be used to estimate the residual value 
of the equipment at certain usage time. During the refurbishing process, this information could 
be used to estimate if the battery need to be replaced. The total operating hour together with the 
age of the product could be used to estimate the storage period of the equipment. Sometimes it 
is harmful to store an electronic equipment for too long.  
There are two kinds of variables contributing to EOL valuation could be determined: A binary 
factor measures electronic shock beyond limit, for example, a 110V monitor that was connected 
to 400V industrial outlet would be beyond repair; and a variable that represents the electronic 




CPU Dimensions: 3.6 in H x 15.8 in 
W x 13.4 in D (9.1 cm H x 
40.1 cm W x 34 cm H) 
Heat dissipation: 1024 
BTU/hour (max) 
Weight: 16.5 lbs (7.5 kg) Processor: Intel 423 
embedded 
Power consumption: 300 
Watts (max) 
Degree of protection against 
harmful ingress of water: IPX1 
Power requirements: 100 to 
240 VAC, 50 - 60 Hz 
Environmental Operating temperature: 50 to 
95°F (10 to 35°C) 
Storage humidity: 10 to 90% 
(non-condensing) 
Storage/transport 
temperature: -4 to 140°F (-20 
to 60°C) 
Operating altitude: 700 to 
1060 hPa; 3011 to -382 
meters 
Operating humidity: 15 to 
90% (non-condensing) 
Storage/transport altitude: 
500 hPa to 1060 hPa; 5,572 to 
-382 meters 
Table 1 An Example of patient monitor specification (GE CARESCAPE B850 Patient Monitor) [42] 
 Temperature 
Temperature sensors are required to gather data about if the equipment is operating out of the 
temperature specification, which when exceeded could decrease the reliability of the electronic 
components in a short time. Table 1is a sample equipment specification of GE CARESCAPE B850 




producer. It is stated that temperature and humidity are important in provide damage estimation 
and remaining life prediction due to specific failure mechanisms [43] 
There are two kinds of variables contributing to EOL valuation could be determined: A binary 
factor measures temperature beyond damage limit, for example, a monitor accidently caught on 
fire would be beyond repair; and a variable that represents the number and duration of 
equipment operating or storing outside designed temperature but within the damage limit. 
 Humidity 
High humidity environment can reduce the reliability of the patient monitor. A humidity sensor is 
required to measure if it is operating outside the specifications. A Liquid Contact Indicator that 
will change color when contacting kinds of liquid including water could be used to determine if 
water goes into the equipment, which could reduce the value to zero. 
There are two kinds of variables contributing to EOL valuation could be determined: A binary 
factor measures condensation and humidity beyond damage limit; and a variable that represents 
the number and duration of equipment operating or storing outside designed humidity but within 
the damage limit. 
 Calibration  
Frequent requirement of calibration may be a sign of product malfunctioning. A sensor that 
records the number and frequency of calibrations could help the customer and the maintenance 
team to know that there may be something wrong with the monitor even if there is no sign of 
other signal. The sensor could also send reminders to the user to remind them that the equipment 
was used too long since the last calibration date. However, age instead of calibration times is used 
in equipment valuation since usually the equipment will return to its “best” working condition 
after calibration. It is good to know then they are calibrated but it is hard to relate pricing towards 




Data collected by sensors will be filtered before entering the storage chip connected to NFC in order to 
reduce storage space and the cost of data warehousing. Future research is required to identify exact filter 
criteria and convert the data to a common scale of sensor ratings. When the data was transferred to the 
phone app, the stored data will not be deleted in case the equipment would be transferred to another 
user, who should also have full access of the condition of the equipment. 
b. Valuation 
The current valuation model for the websites are determined by obtaining information from 4 major 
used medical equipment sale websites: Ebay, Dotmed, Labx and Medwow. 83 data item entries were 
inspected. In order to avoid counterfeit products, products without warranty and scarp products are 
excluded. We obtained 53 more reliable data entries that could be found in Appendix from Table A.1 
to Table A.4. On the websites, there are only two factor available from the product owner to help 
customers estimate the price of the products: User stated condition and number of accessories 
available. One may notice that there is one important factor that is not included in the calculation: 
the age of the product. It is not described by most of the websites. Therefore, since this thesis is aiming 
to help the customer obtain a better estimation of the product value, information that is not available 
to the customer will be excluded from the statistical model. Due to these two parameter does not 
correlate each other in nature, linear relationship is assumed:  
 𝑝𝑟𝑖𝑐𝑒 = 𝑎 × 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 +  𝑏 ×  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑐𝑒𝑠𝑠𝑜𝑟𝑖𝑒𝑠 
On the given websites, the owner claimed conditions are given in the form of following: “New, 
certified, refurbished, used excellent, used good, used, and used parts”. Those descriptive conditions 








Used - Excellent 0.6 
Used - Good 0.4 
Used 0.2 
Used-parts 0 




used excellent  0.5 
Used good 1/3 
used 1/6 
parts 0 
Table 3 Condition rating conversion table for Ebay 
 The number of accessories are rated with the rule of following:  
stand 0.3 
Electricity cable 0.2 
Other cable 0.1 





Multiple variable regression is used and the ratio of coefficients are determined. Processed data was 
fitting with LINEST function in Excel: LINEST( y_values, [x_values], [constant], [additional_statistics] ). 
This function assumed the relationship between multiple variables and one dependent variable.  
 𝑦 =  𝑚1𝑥1 +  𝑚2𝑥2 + . . . + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡    
The fitted result is: 
 Number of accessories  18% 
 Condition   82% 
The regression’s R square of 0.75 and the significance F is nearly 0. In Excel, the F value is the ratio of 
the mean regression sum of squares divided by the mean error sum of squares. The value of 
significance F is the probability that the null hypothesis for the full model is true (i.e., that all of the 
regression coefficients are zero). With a small F value, we reject the null hypothesis. That means the 
model is working (Not all coefficients are zero). The p-value of Number of accessories is as high as 
0.18. Theoretically, we should reject this variable due to we failed to reject the null hypothesis. 
However, according to the pricing model given by the manufacturer, the number of accessories have 
an impact on product price. [44] Together with fact that there are real life examples with high p-value 
the factor that still considered to be significant to the model [45] as well as the fact that the number 
of sample may be too small to make accurate estimation, we concluded that the number of 
accessories are still an important factor contributing the value of the equipment. Therefore, according 
to the website data, the value of used equipment is dependent on the owner claimed condition of the 
product as well as the number of accessories available. 
Therefore, we obtained the estimated equation for the website equipment pricing statistical model.  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑟𝑖𝑐𝑒 = 82% × 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑛𝑔 + 18% × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑐𝑒𝑠𝑠𝑜𝑟𝑖𝑒𝑠 
The proposed method has sensors and customers could have the following information available: the 




examination, number of physical shocks by accelerometer, electronic usage cycle measured by 
charging cycle senor, temperature, humidity and age by calibration history. As mentioned in Chapter 
4.a, those factors are weighted as following: 
Electronic usage hour (EUH) 30% 
Temperature 5% 
Accelerometer (A) 20% 
Humidity 5% 
Integrity of the product (ItP) 20% 
Age 20% 
Table 5 Weights of proposed method 
Binary b_i 
Condensation (C) 0,1 
Temperature (T) 0,1 
Extreme physical shock 0,1 
Extreme electronic shock 0,1 
Table 6 List of proposed binary coefficients 
The proposed equation is:  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 = ∏ 𝑏𝑖 ∑ 𝑥𝑖 𝑤𝑖 
In the case of patient monitor, the equation could be expanded to: 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 
= (𝑏𝐶 × 𝑏𝑇 × 𝑏𝐸𝑃𝑆 × 𝑏𝐸𝐸𝑆) × (𝑥𝐸𝑈𝐻 × 𝑤𝐸𝑈𝐻 + 𝑥𝑇 × 𝑤𝑇 + 𝑥𝐴 × 𝑤𝐴 + 𝑥𝐻 × 𝑤𝐻
+ 𝑥𝐼𝑡𝑃 × 𝑤𝐼𝑡𝑃 + 𝑥𝑎𝑔𝑒 × 𝑤𝑎𝑔𝑒) 
The coefficients of the variables affecting the product residual value differs with every product. The 




customer purchasing habits to assign weights to each sensor rating. Due to the absence of extensive data, 
the weights were assigned by historical data obtained from Internet (see Appendix) and research. In the 
case of patient monitor, high accuracy is required as the nature of the product. Therefore, 
“accelerometer” is assigned with 20% since physical shock may make connections in the circuits loose; 
electronic usage history and age are assigned with 30% and 20% respectively, because they represents 
the “condition” of the equipment corresponding to the “owner claimed condition” in the website data; 
Integrity of the product includes both connectable accessories as well as installable software and modules, 
which takes 20%. Temperature and humidity do have effect on the valuation. However, once operating 
within permitted limits, their impacts are not as significant as other factors. They split the last 10%. 
Future research need to be conducted to determine the exact correlation between those sensor data and 
residual value. It is assumed that the original price of a patient monitor is $100, with different conditions 
and number of accessories is listed online.  
The ratings of sensors are randomly generated from 0 to 100, with 100 as the best possible condition 
under that criteria, for example, a monitor that never operate outside designed temperature receives 100 
under temperature column. Exactly how to convert the sensor data to ratings should be done by the 
manufacturing company. In this case, “Electronic usage hour” is considered independent of age, which is 
not in real life. However, how to relate these two connected factors should be determined by historical 



























26 43 77 100 93 71 0 39.94 0 64.05 
11 17 36 16 29 33 1 15.92 24.65 24.65 
17 53 95 16 55 90 0 46.52 0 58.8 
6 8 87 41 67 56 0 7.64 0 47.15 
66 45 2 98 13 9 0 48.78 0 30.75 
1 82 40 72 91 57 1 67.42 53.25 53.25 
68 46 95 95 20 34 0 49.96 0 61.75 
50 50 72 44 34 40 1 50 52.6 52.6 
87 3 58 50 19 6 0 18.12 0 42 
71 60 35 61 9 28 1 61.98 42.95 42.95 
100 34 47 1 32 4 1 45.88 47.55 47.55 
27 68 48 38 85 85 1 60.62 56.55 56.55 
28 5 71 68 90 43 1 9.14 51.45 51.45 
70 3 100 100 23 68 1 15.06 57.6 57.6 
33 28 17 5 51 32 0 28.9 0 29.35 
51 18 91 97 31 14 1 23.94 52.85 52.85 
28 26 85 21 22 75 1 26.36 45.5 45.5 
60 3 53 3 14 79 0 13.26 0 35.4 
Table 7 Residual Value (unit: $) 
average deviation from new method 20.78916667 
average deviation from new method without binary 14.36339506 






Following above residual value estimation models, Table 7 shows 18 items with various condition and 
its price under each method. The manufacturing company could use their internal data to produce 
better estimations. The items could be sorted in order to help the company select brought-back 
products in order of its value. High value products could go into direct resale. Low value products 
would be sorted into different refurbishing processes according to what they went through. The 
company could also inform the owner when could be a good time to sell the pre-owned product. 
Therefore, the involvement of sales representative and refurbishing engineer could be reduced 
because the sensor data could help to communicate the condition of equipment to the customer as 
well as refurbishing center. The threshold for differentiating between equipment worth refurbishing 
and those are better broken down to harvest components could be drawn based on the cost-benefit 
evaluation of logistics, refurbishing, and marketing. Therefore, the company avoids wasting money 
on low value products. 
  
d. Discussion 
From above calculation we could see there is a 20% average difference in the result of EOL value 
estimation between the website method and the proposed method. In the current system of second-
hand patient monitor market, either product take back or purchasing, information about the 
equipment’s condition is only available after obtaining the physical item. The company need to break 
it down before inspecting its condition. The customer is required to contact sales representatives to 
obtain owner claimed information and only be able to check after receiving the product. The product 
valuation is majorly dependent on the number of accessories available and the claimed condition of 
such equipment, which has a large error since there is nearly no numerical data given regarding the 




frequently omitted. There are equipment claimed to be in good condition that turned out to be bad. 
Even for the equipment made in the same year, depending the way it been used, should have different 
quality even if they are offering the same accessories.  
Here is a chart of GE Dash 4000 monitor without any accessories under different owner claimed 
conditions. We can see a large variance of product price with same condition in Figure 7. 
 
Figure 7. Current website pricing method (GE D4000, no accessories) 
 
With current method, the customer would be underpaid for high value product and would overprice a 
low value product. The loss is shared by the customer, the company and the involved website seller due 
to the underpayment at the time of transaction, labor cost in communication, sorting, and additional 
inspecting and even possible returns. Those loss make the system inefficient. 
With the proposed method, all parties could make more informed decision. Only the products that are of 
high value will be considered. The reduction of cost in the system would increase profitability of the online 
seller, the company as well as increase the satisfaction of customers. It also encouraged the product 
owner, customer and the company to get involved in the second hand equipment market, which helps to 
























Chapter 5. Impacts  
 
a. Logistics  
With sensor technology, the condition of medical device could be better estimated at earlier stage in 
supply chain and reverse logistics. It changed how the information flow compared to traditional supply 
chain model. In traditional supply chain management models, there are five flows, four (information, 
product, value and risk) of which are from upstream to downstream while one (finance) is from final 
customer back to the OEM. The information flow and product flow are the major focus in this section. 
 
 





From Figure 8, the sensor data encouraged people get involved in closed loop supply chain for 
remanufacturing. Before the introduction of sensors and recycling, the EOL product would end in 
dumpsters or only to be recycled as low valued products. However, with the sensor information being 
sent back to the distributor and the supplier, high value product could be sorted out and welcomed by 
both parties. This requires the manufactures extend their supply chain to form a closed loop method 
which incorporates the following steps:  
1. Product quality and value estimation with sensor information, label with product with high/low value 
and assign its designed destination 
2. Used product returns and acquisitions with a price corresponding to its quality 
3. Reverse logistics transportation to the products’ designed destination 
4. Refurbishing, recycling or resale 
 
Before the sensor technology, the sequence would be: 
1. Used product returns and acquisitions by transferring risk of the high variance in quality to the product 
owner 
2. Reverse logistics transportation to sorting center 
3. Product quality and value estimation by professionals, sort the equipment according to their quality  
 
4. Refurbishing the high value product and recycling low value ones 
5. Resale refurbished products 
From this comparison, we can see a great portion of energy and cost are saved by applying sensor 






b. Medical Equipment Rentals 
 
Medical equipment rental is a high demand market due to the high price of medical equipment and the 
constant upgrading market. It is beneficial for the both parties: the customer and the rental company to 
be better informed to the condition and quality of the product.  
 
Figure 9 Proposed medical equipment rental method 
From figure 9, it is suggested that the customer could send the equipment information to the rental 
company to request maintenance (decision 2). The rental company, after receiving the product 




equipment. The rental company could have a way to tell if the product is defect and they could offer a 
call-back quickly with replacement. With the phone app, the rental company could advertise to their 
customer about their similar and related equipment. For example, a hospital currently renting a GE B850 
for two year may get advertise that if they are willing to offer $400 more, they could upgrade to GE D4000 
for the rest of rental period. Both parties would be benefited.  
 
c. New Product Innovation  
In the above chapters, it is mentioned that the medical equipment users can sometimes be the medical 
device innovators. With sensor technology providing more information, doctors and the OEM could get 
real-time feedback about the product performance. It helps the company build up database about 
customer behavior and have a better understanding about the working environment of their product. 
Therefore, the company could develop better products. It helps the doctor to develop better 
understanding about the configuration of the product, as well as about the influence from daily usage 
towards the equipment quality and reliability. 
 
d. Counterfeit products 
Medical devices are of high value that made them worthy to be reverse engineered to make counterfeit 
product. Counterfeit products generated concerns in developing countries where they have little way to 
tell if the equipment is real or not. Sometimes the OEM does not hold copyright in that specific country 
and did not enforce their copyright by suing the counterfeit product manufacturers. According to WHO, 
over 8% of medical devices in the developing world are counterfeit [46]. A simply and cheap way to 
determine the integrity of the product is required. By the sensor-NFC-phone registration method, the 





Chapter 6. Challenges 
 
a. Concerns over privacy violation 
Health industry values patient privacy. One of the major challenge in implementing sensor based 
information harvesting and sharing system is to get consent from patients and doctors to gather 
sensor data in real time. There would be concerns about if the company is recording more data than 
they are claiming, for example, are they collecting patient information because some of the healthcare 
companies are offering insurances too. Transparency in disclosing the principle of sensor technology 
is required to build up trust between the manufacturer and the customer. It may be beneficial to make 
the sensors able to be turned off. Or even separating the electricity cords of sensors from the 
equipment charging cord, which make the sensor system able to be turned off manually. Reward 
programs and marketing campaign (“Thank you for helping us developing better product to serve you” 
or “thank you for an environmentally friendly future”) could also be used to encourage customers to 




FDA expressed worries about refurbished medical devices over concerns about their quality, safety, 
and continued effectiveness. They encouraged third-party entities and OEMs to submit comments 
over the reliability of medical devices in 2016 [47]. With the help of sensor technology, the process of 
used medical equipment refurbishing, reconditioning rebuilding and remanufacturing would have an 
increase in accuracy and profitability. However, the company is facing the challenge of regulation 
change in the near future regrading med. Such uncertainty could discourage OEM from refurbishing 








Refurbished medical device industry is challenged by governments imposing stricter import control. 
The list of countries banning importation of pre-owned medical equipment is long and kept changing. 
[48] Uncertainty in international market may make the OEM view it as limited market and hesitate to 
invest in develop sensor technology to suit such market. Furthermore, with the possibility of products 
selling overseas got rejected, additional law professionals need to be hired, which would further 






Chapter 7. Conclusion 
 
This paper presented a method of using filtered real-life sensor data of medical devices in order to provide 
more information to the customer. Such information could help to develop a more accurate estimation 
of product’s quality, condition and residual value than the current method, which primarily depends on 
the claimed condition of the product and the number of accessories. The limitation of this paper is that 
the weights of sensor data are all assumed. The absence of experiments on how those sensor measured 
factors could affect the product value is not known. Future work includes investigating the way sensor 
data could help information flow from the customer towards OEM and distributors as well as possible 
marketing opportunities sparked by those information. 
For the OEM of medical devices, the model could help to reduce cost, including labor cost from sales 
representatives, maintenance engineers, and refurbishing engineers; and material cost by getting a better 
estimation of the product value. This method helps to comply with FDA regulations and protect the brand 
from counterfeit products. By collecting sensor data, a large database could be established for further 
use, which is the foundation of big data. 
For the customers, the model could help to keep track of their product and prevent major failure by 
requesting maintenance team when traces of defects show up. They are also protected from counterfeit 
products.   
The world is increasing connected. With the use of sensors and phone app, the model showed that even 
medical devices could be made to be “smart”: able to tell its owner its condition and value, and able to 
suggest possible options, for example, time to purchase a newer product or routine calibration is required. 
Sensor technology helps connect more products and information, pushing the industries towards better 
utilizing current product, reducing its consumption of resources, reducing cost, keeping track of the 
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Section 2. Processed data 
 
SUMMARY OUTPUT  
  
Regression Statistics  
Multiple R 0.866717221 
R Square 0.751198741 
Adjusted R Square 0.719178196 
Standard Error 1156.518555 
Observations 41 
 
ANOVA      
  df SS MS F Significance F 





Residual 39 52163871.53 13375
35 
  
Total 41 209660802.5       
 



























































Table 13.  Processed data 
 
 
